In summary, our studies show that the miRNA signatures were in general X-ray irradiation dose-specific, and miR-338-3p can suppress HIC cell proliferation and induce HIC cell apoptosis by regulating the expression level of DYRK2 partially, which may be used as early immunological response biomarker for ARS in clinical research. However, more research is needed to evaluate the role of these and other miRNAs in small intestin in response to radiation administration.
Introduction
The influence of nuclear terrorism, nuclear contamination and nuclear radiation therapy to human survival, safety and health has become a hot topic of current medical research. Due to there is no obvious features of the symptoms of ARS, coupled with the clinical work by the personnel nuclear radiation damage is not very common, when in the situation of dealing with such a victim, most of clinical staff doesn't have a dear understanding on how to diagnosis the patient's injury and take what kind of active treatment measures. Although it is widely accepted that response to stressors is mediated by regulation of cell cycle progression and maintenance via gene transcription/translation and epigenetic mechanisms, global cellular responses required for cell survival remain unclear (Wu X et al., 2018) . So, it is important to know more about which biological mechanisms play a key role after the total body X-ray radiation, and then provide optimal ARS treatment and minimize normal tissue injury.
MicroRNAs (miRNAs) are a novel class of small noncoding RNAs approximately 18-25 nucleotides in length that suppress gene expression by post-transcriptional mechanisms by targeting 3' untranslated regions (UTR) of gene mRNAs and have been shown to play important roles in many physiological and developmental pathways in a variety of organisms.
A large amount of evidences show that miRNAs play important role in animal growth, development, and stress adaptations through regulating target genes expression (Aitken S et al., 2015; Ilnytskyy Y et al., 2008; Foronda D et al., 2014; Zacharewicz E et al., 2013) .
miRNAs can bind to the 3' UTR (3'untranslated region) of their target genes and regulate genes expression by promoting mRNA degradation as well as suppressing mRNA translation (Phillips JR et al., 2007; Simone NL et al., 2009; Mart´ ınez G et al., 2011) . A single miRNA may target multiple mRNAs and several miRNAs may be specific for the same target gene.
The majority of human genes are regulated by different miRNAs, and miRNA play an essential role in fundamental cellular processes (Ono K et al., 2015; DU F et al., 2015; Wang X et al., 2015; Zhao H et al., 2015) . In addition, miRNAs play an important role in the DNA damage response after physiological and pathological stressors, for instance in the response to reactive oxygen species and X-ray radiation (Liu B et al., 2015; Lee S et al., 2014; Xie L et al., 2014; Schook L et al., 2005; ) .
Compared with small mammals such as mice, large mammals models are superior in many aspects for the study of human diseases and pre-clinical therapies. The miniature pig is similar to human in anatomy, development, physiology, pathophysiology and disease occurrence, etc (Schook L et al., 2005) . Although miniature pigs as animal models have been applied in several fields of study, it is rarely used as an animal model for acute radiation injury. The Tibet minipigs have a character of genetic stability, small size, early maturation, high fecundity. Therefore, the Tibetan minipigs could be a suitable animal model for the study of radiation diseases (Yue M et al., 2014) . The small intestin is a late responding organ.
However, in this late responding organ, cytokine cascades are activated and remain active throughout the phase of damage expression (Unver N et al., 2015; Kirsch DG et al., 2010 ) .
Recently, several miRNAs have been documented to be involved in the radiation response.
The expression of miR-34a and miR-194 were upregulated in spleen of the rats after radiation exposure (Xue Q et al., 2013; Koturbash I et al., 2007) . Previous studies have shown that radionuclide administration has a divergent effect on transcriptional regulation in different normal tissues (Luzhna L et al., 2014; Sevan'kaev AV et al., 2002) . However, X-ray radiation is a strong carcinogen that is able to initiate and promote tumor progression (Little J.B, 2000) .
Due to systemic regulation, these studies in vivo are important for illustrating the logical responses to the total body radiation exposure. The objective of this study was to explore the variation of the miRNA expression levels and screen out the specific miRNAs, and then analyze the mechanism of them on response to acute radiation syndrome in Tibet minipig.
Results

Identification of altered miRNA expression associated with ARS
In this study, we used an in vivo Tibetan minipig model to identify differentially regulated miRNAs in small intestin tissue under different X-ray radiation at 0, 2, 5, 8, 11, 14 Gy, respectively. In total, 63 specific miRNAs were identified at the different dose levels, with 3， 24, 29, 25, and 32 differentially regulated miRNAs in the 2, 5, 8, 11, and 14 Gy groups, respectively ( Figure 1A ). Few miRNAs were down-regulated after X-ray radiation. No down-regulated miRNAs were found at 2 and 11 Gy, while miR-365 and miR-709 were down-regulated at 5 Gy, only let-7k was down-regulated at 8 Gy, and three miRNAs (miR-690, miR-1902, and miR-6239) were down-regulated at 14 Gy. No miRNAs were differentially regulated at all absorbed doses. The expression level of the majority of the regulated miRNAs varied between the absorbed doses. However, miR-338-3p was commonly and in general consistently regulated at 5, 8, 11, and 14 Gy (Figures 1B&1C) , which showed a tendency towards increased expression level with increased absorbed dose.
MiR-338-3p is upregulated in HIC cells after radiation treatment
The expression levels of miR-338-3p in HIC cells was assayed with qRT-PCR, miR-338-3p expression in HIC cells after radiation treatment at 2 and 5 Gy was significantly increased ( Figure 2A&2B ) in comparison to control. Interesting, The expression levels of miR-338-3p was decreased with the increase of radiation dose. For the more, we hadn't harvested cells enough for qRT-PCR assay because of the adverse growth condition. Nevertheless, these findings support the hypothesis that upregulated miR-338-3p may play a key role in ARS.
MiR-338-3p suppress cell proliferation and induce cell apoptosis in vitro
The flow cytometer was used to evaluate the apoptosis rate of HIC cells transfected by miR-338-3p mimics and miR-338-3p inhibitors after radiation treatment. The results shown in Figure 2A&2B demonstrated a significantly higher percentage of apoptotic cells for miR-338-3p mimics-treated cells compared to NC(P<0.05), and a significantly lower percentage of apoptotic cells for miR-338-3p inhibitors-treated cells compared to NC(P<0.05).
For the more, we examined effect of miR-338-3p mimics and miR-338-3p inhibitors on cell proliferation after radiation treatment. CCK8 assay showed that growth of HIC cells was affected by the transfection of miR-338-3p mimics and miR-338-3p inhibitors ( Figure 3C ).
These results indicate that radiation treatment and miR-338-3p can suppress the growth and induce apoptosis in HIC cell.
DYRK2 is a target of miR-338-3p
DYRK2 belongs to a family of protein kinases whose members are presumed to be involved in cellular growth and development (Mimoto R et al., 2013) . In this study, DYRK2 was forecasted as a target of miR-338-3p by bioinformatics analysis ( Figure 4A ). The luciferase reporter assay showed that miR-338-3p suppressed the luciferase activity of the wild type but not the mutant 3'-UTR in HEK-293 cells ( Figure 4B ). Moreover, treatment with the miR-338-3p mimics or (and) radiation decreased the protein level of DYRK2, and in contrast, treatment with the miR-338-3p inhibitors promoted the protein level of DYRK2 in HIC cell ( Figure 4C&4D ). The results showed that DYRK2 is a direct target genes of miR-338-3p and irradiation administration can regulate the expression of DYRK2 mediated by miR-338-3p.
MiR-338-3p inhibits tumor growth in athymic mice
HIC cells were transfected with miR-338-3p mimics and miR-338-3p inhibitors and then injected subcutaneously into male athymic mice, and weighed the tumor 8 weeks later.
Compared with the control group, the tumors of miR-338-3p inhibitors group grew more quickly, and on the contrary, miR-338-3p mimics significantly decreased the tumor volume and weight compared with the control group ( Figure 5A&B ). These results indicated that miR-338-3p can suppress tumor growth in vivo.
MiR-338-3p suppress expression of Dyrk2 in vivo
The expression of DYRK2 was assayed by western blot and immunohistochemistry. The results suggested that miR-338-3p mimics can significantly inhibit protein expression of DYRK2. On the contrary, miR-338-3p inhibitors could significantly promote protein expression of DYRK2 ( Figure 5C, 5D, 5E ). The findings further support the hypothesis that miR-338-3p may affect the growth of HIC cells in vivo and involve in response to acute radiation syndrome by altering DYRK2 protein expression.
Discussion
Cell growth, cell cycle, apoptosis rate and DNA damage repair of mammals may be affected in the case of radiation exposure (Li S et al., 2013; Jin H et al., 2015; Liu C et al., 2013) . In recent years, Although more and more evidences have confirmed that non-coding RNA may render cell stress responses, the mechanism inducing and stimulating apoptosis is very complex and still unknown. MiRNAs play an important role in cell stress responses, DNA repair, apoptosis and cell cycle control and members of these families were found consistently differentially regulated in the present study. So, the specific expression of the miRNAs may involve in response to radiation exposure. The small intestins are one of the major sites of side effects of X-ray radiation therapy of intestinal tumors due to the high uptake of the radiopharmaceutical in this organ (Suman S et al., 2015) . Basic insight into how normal small intestin tissues responds to X-ray radiation is therefore vital for the continued optimization of therapy with this radiopharmaceutical. In the present study, aberrant miRNA expression patterns were investigated in Tibet minipig small intestin tissue after X-ray radiation administration. Our findings demonstrate common miRNA deregulation among all the studied absorbed doses as well as dose-specific miRNA deregulation. miRNA families previously reported to be frequently associated with radiation exposure were detected. The results showed that exposure produced a strong immunological response on small intestin tissue. The use of microarray analysis to investigate the miRNA response allows for a comprehensive view of the biological effects following exposure. A previous study has described the poor reproducibility between microarray and miRNA-seq data when miRNAs were associated with overall survival in ovarian cancer profiles (Wan YW et al., 2014) . However, the mechanism of miRNAs involve in response to ARS of large mammal is a very complicated question, affected by many factors including biological characteristics of own cells. Although ARS is rare, it is a complex and medically challenging disorder that has the potential for large-scale incidence on the battlefield or in conjunction with a domestic terrorist attack (Bonnaud S et al., 2010; Kirsch DG et al., 2010; Driák D et al., 2008) . Researchers have identified a number of non-coding RNA as radiation response markers but the mechanism is far from clear (Gao F et al., 2015; Cha HJ et al., 2014; Yuan W et al., 2014) . In this study, we investigated the role of miR-338-3p, a non-coding RNA deemed associated with ARS. In early stage of this study, we found that miR-338-3p was commonly and in general consistently regulated at 5, 8, 11, and 14 Gy ( Figures 1B&1C) , which showed a tendency towards increased expression level with increased absorbed dose, and this may help us to make a breakthrough. To further evaluate the role of miR-338-3p involve in response to ARS, we designed experiments in which we changed the expression level of miR-338-3p so as to detect the various aspects of biology of HIC cell. Our research showed that miR-338-3p expression was significantly upregulated in HIC cell after irradiation administration. Then, we increased the expression of miR-338-3p, HIC cell proliferation was suppressed and the apoptosis rate in HIC cells was induced significantly. These results indicate miR-338-3p plays a crucial role in response to ARS and may become a new biomarker for ARS research. In order to explore molecular mechanism of miR-338-3p in the proliferation and apoptosis of HIC cell, we investigated the miR-338-3p's potential target in HIC cell. DYRK2 is an important protein in cell proliferation and differentiation. Bioinformatics analysis and luciferase activity assay demonstrated that DYRK2 is a direct target genes of miR-338-3p. The miR-338-3p mimics can significantly decreased protein expression level of DYRK2 in the HIC cells.
Materials and Methods
Tibetan minipigs and radiopharmaceutical preparation
A total of 54 not castrated male Tibetan minipigs (8-15 months, purchased from the Laboratory Animal Center of Southern Medical University of China) were used for total body irradiation (TBI). The average weight and height of the pigs were 22.36±7.74 kg and 82.88±9.13 cm, respectively. The pigs were caged in aseptic rooms and were randomly divided into six groups containing nine animals each. They were anesthetized with ketamine (0.05 ml/kg i.v.) before radiation exposure. One control group ( n= 9) was not exposed to radiation. Five treatment groups ( n= 9 for each group) were irradiated with single doses of 2, 5, 8, 11 or 14 Gy TBI using an 8-MV X-ray linear accelerator (Elekta Synergy Platform, ELEKTA Ltd, Sweden) at a dose rate of 255 cGy/min for all experimental groups. The standardized uptake value and the marrow nucleated cell number data were initially collected at 6, 24 and 72 h and were then collected on Days 5-60 post-TBI at 5-day intervals. The Tibetan minipigs were killed by cardiac puncture after data collection and the small intestins were dissected, and then were immediately snap-frozen inliquid nitrogen and stored at −80°C until use. The experimental protocol was approved by Institutional Animal Care and Use Committee of the Southern Medical University of China.
MicroRNA microarray
The total RNA was isolated from Tibetan minipig small intestin tissue under different X-ray radiation at 0, 2, 5, 8, 11, 14 Gy using Trizol reagent (Takara, Japan) according to the instructions. The quantity of RNAs were evaluated using 2% formaldehyde-agarose gel electrophoresis and spectrophotometry (Bio-Rad, Hercules, CA, USA). Exiqon LNA MicroRNA Array was used to profile miRNA expression performed by KangCheng Bio-Tech Inc (Shanghai, China).
Bioinformatics methods and luciferase assay
TargetScan and Diana-Microt software were applied to predict miR-338-3p putative targets, the target predicted by the two software were screened out, and then the target gene DYRK2 was screened preliminarily. The wild-type of DYRK2 3'-UTR was cloned from Tibetan minipig cDNA library with the primers in table 1. Mutations of miR-338-3p binding site was introduced by site-directed mutagenesis using a fast mutation kit (Takara, Japan). The PCR fragment was jointed into psiCHECK-2 vector downstream of the firefly luciferase coding region within Sgf I and Pme I (Takara, Japan). psiCHECK-2-control was used as internal control.
Cell culture and transfection
HIC cells (Human intestinal cancer cell lines) were ordered from CICLR(Beijing, China).
Cells were cultured with DMEM (Hyclone, USA) and supplemented with 10% fetal bovine serum (Hyclone, USA), 100U/ml penicillin and 100 mg/ml streptomycin (Sigma, USA), at 37°C, in 5% CO2 incubator (Thermo, USA). Cells were seeded in a 100 mm2 plate at 5× 106 cells per plate 24 hours before transfection. Cells were transfected using 10 ml of Lipofectamine 2000 (Invitrogen) and 1 mg of miR-338-3p mimics or miR-338-3p inhibitors mixed with 1 mg of empty vector in 10 ml of Opti-MEM (Sigma, USA). Cells were cultured in transfection media for 6 hours then in McCoy's 5A media with 10% FBS. 24 hours after the completion of transfection, cells were harvested for radiation treatment .
Radiation treatment of HIC cells
Radiation processing method for tumor cells commonly used in similar studies was applied:
HIC cells suspension with cells adjusted to 1× 106 /ml, was inoculated in 6-well culture plate.
After short-term culture, the cultured cells were irradiated with linear accelerator. The condition was vertical 6MV-X-ray irradiation and 0, 2, 5, 8, 11, 14 Gy / min dose rate. During irradiation, the bottom of the culture plate was added 1.5 cm tissue equivalent filer and the source skin distance was 100cm. The irradiation was carried out twice and the irradiation interval was 72 h.
Stem-loop quantitative real time PCR analyses
The total RNA was isolated using Trizol reagent (Takara, Japan) following the instructions.
Mature miRNAs were converted into cDNA by stem-loop reverse transcription using specific stem-loop primers( Table 1 ). The qRT-PCR analyses for miRNAs were performed by ABI 7500 real-time PCR machine (USA). The miRNAs expression levels were normalized and quantified by U6 RNA as described previously.
Cell proliferation assays
The Cell Proliferation Reagent Kit I (Roche, USA) was used to evaluated the cell proliferation. HIC cells were harvested 72h after transfection and radiation treatment, and grown in the 48-well plates (5000 cells/well). Cell proliferation was recorded every 24h according the manufacturer's protocol.
Flow-cytometric analysis of apoptosis
The cells were harvested 2d after transfection by trypsinization and radiation treatment, then washed twice with washing buffer , and resuspended in binding buffer at 1×105 cells/ml. Cells double stained by FITC and PI underwent flow cytometry for apoptosis detection. All cells were divided into living cells, necrosis cells and apoptotic cells.
Athymic mice assay
Male athymic mice (4 weeks old, Animal Center of Southern Medical University) were acclimated for one week under sterile conditions. Collected cells transfected with miR-338-3p mimics or miR-338-3p inhibitors from the 6 well plates, and washed the cells with PBS rendering resuspended cells of 1×107 cells/ml. Subcutaneously inject 0.1 ml of suspension cells to mice, 10 mice per group. 12 weeks later the mice were sacrificed, and the tumors were dissected, photographed and weighed, and then were immediately snap-frozen inliquid nitrogen and stored at −80°C until use. The study was approved by the Ethics Committee of the Southern Medical University.
Western blotting
The samples were harvested using RIPA buffer (Beyotime, China) supplemented with Complete Protease Inhibitor Cocktail (Roche) and PMSF (Roche). Approximately 50μg of the protein extraction was subjected to 10% SDS-PAGE, then transferred to nitrocellulose membrane using the iBlot transfer system (Sigma) and incubated with antibodies (Cell Signaling); Quantity One v4.4.0 software (Bio-Rad, USA) was used to assay optical density of the DYRK2 bands and results were normalized to the expression of β -actin.
Immunohistochemistry
To evaluate the expression of immune cell antigens using immunohistochemistry, 3 μ m tissue sections of paraffin-embedded, formalin-fixed tissues were deparaffinized in xylene and rehydrated in a series of graded ethanol. Endogenous peroxidase activity was blocked by immersing sections in 3% H2O2 for 5 minutes. The sections were blocked in 10% fetal bovine serum for 10 minutes at room temperature and then incubated with primary antibodies to DYRK2 (Cell Signaling) for 60 minutes of staining. Immunostaining was carried out using the IHC Kit (Beyotime, China) for 15 minutes according to the manufacturer's protocol and finally visualized with diaminobenzidine. In addition, sections were then counterstained with hematoxylin. The nomal tissue served as the positive control.
Statistical analyses of data
All statistical analyses were performed using SPSS version 19.0 (SPSS Inc. Chicago, IL) and
GraphPad Prism version 5.0(GraphPad, San Diego, Calif) softwares. P value less than 0.05 was considered statistically significant. 
